A new, highly accurate ab initio ground-state intermolecular potential-energy surface (IPES) for the CO-N 2 complex is presented. Thousands of interaction energies calculated with the CCSD(T) method and Dunning's aug-cc-pVQZ basis set extended with midbond functions were fitted to an analytical function. The global minimum of the potential corresponds to the geometry characterized by r 0 = 7.856 a 0 , θ 1 = 111.3 • , θ 2 = 159.7 • , and φ 2 = 0 • and has an energy of −118.2 cm −1 . The symmetry-adapted Lanczos algorithm was used to compute rovibrational energies (up to J = 20) on the new IPES. The RMSE with respect to experiment was found to be on the order of 0.038 cm −1 which confirms the very high accuracy of the potential. This level of agreement is among the best reported in the literature for weakly bound systems and considerably improves on those of previously published potentials.
I. INTRODUCTION
From the theoretical point of view accurate studies of weakly bound complexes pose a challenge. Not only are sophisticated methods accounting for electron-correlation effects required, but also extended basis sets are essential in order to obtain the results that, on one hand, can be compared with highly accurate experimental data and, on the other, can be used to make predictions in cases where good quality experimental data are not available. Furthermore, to obtain reliable intermolecular potential energy surfaces (IPESs) for complexes with more than 2 intermolecular coordinates the evaluation of thousands of ab initio interaction energies is inevitable. To compute an accurate spectrum one must, after obtaining the IPES, solve the ro-vibrational Schroedinger without making approximations.
The CO-N 2 dimer is a simple van der Waals (vdW) complex in which the intermolecular forces between two isoelectronic molecules, carbon monoxide (barely polar) and nitrogen (nonpolar), are of significant interest from the experimental and theoretical points of view.
This system is of great relevance in atmospheric chemistry since N 2 is one of the primary atmospheric constituents and CO is an important gaseous pollutant. Precise measurements and theoretical predictions of the effects of pressure and temperature on the spectrum of CO perturbed by the dominant atmospheric species, N 2 and O 2 , are indispensable for the interpretation of atmospheric absorption data.
Spectra of the CO-N 2 complex were first reported in 1996, when infrared (IR) spectra in the region of the CO fundamental band (2146 cm −1 ) were recorded by Kawashima and Nishizawa [1] and by Xu and McKellar [2] . In their experimental work Xu and McKellar [2] recorded the slit-jet IR spectrum of the complex in the 4.7 µm region of the CO stretching vibration. They obtained a very simple spectrum, that could be interpreted as that of a (fictitious) system formed by a CO molecule and a rare gas atom of a mass of 28 a.m.u., due to an almost free rotation of the N 2 molecule in the complex. An effective intermolecular separation of 4.025Å was deduced. Unfortunately, the results did not provide information about the angular orientation of the N 2 molecule within the complex. The authors pointed out the need for theoretical calculations in order to predict the energy levels for higher lying excited states.
Pure rotational spectra of CO-N 2 with the 14 N and 15 N isotopes were observed by Kawashima et al. [3] . The authors also showed that, regarding the orientation of the N 2 subunit and van der Waals stretching force constant, the CO-N 2 dimer is similar to the Ar-N 2 and Kr-N 2 complexes. At the same time, Xu et al. [4] studied the microwave and millimeter wave transitions of the orthoN 2 states of the complex. Nuclear quadrupole hyperfine splittings were resolved and analysed in order to acquire additional information on the angular anisotropy of the IPES and the rotational and ro-vibrational spectra of two additional ( 13 C and 18 O) isotopomers were measured, too. The authors confirmed a planar, approximately T-shaped structure for the ground state of the complex (K = 0), with N 2 as the top, CO as the leg, and with the O atom on average closer to N 2 than the C atom.
In a complementary investigation [5] the rotational and ro-vibrational spectra of the CO-paraN 2 complex were measured using a microwave spectrometer in the frequency region from 4 to 26 GHz. The behaviour of the complex could be interpreted neither in terms of a semirigid rotor model nor in terms of a totally free internal rotor. Therefore, the authors used several semirigid geometries associated with different K values. They confirmed, as in Ref. 4, a similar planar, approximately T-shaped structure for the ground state (K = 0) of the orthoN 2 state of the complex with an intermolecular distance of 4.026Å calculated from the experimental rotational constants using a pseudodiatomic approximation. The authors pointed out that N 2 undergoes an almost free internal rotation within the complex. The geometry in the orthoN 2 lower K = 1 state is also T-shaped with N 2 forming the leg and CO the top. The two investigated paraN 2 K = 1 states correspond to the N 2 molecule in a more nearly perpendicular orientation with respect to the intermolecular axis, whereas in the K = 0 stack of the first excited bending state the N 2 is located parallel to this axis. The values of the intermolecular distances were also reported for these states.
The IR spectrum of CO-N 2 was further studied using a pulsed supersonic slit-jet and a rapid-scan tunable diode laser [6] . In the case of the CO-paraN 2 spin modification, the previous tentative assignment of just one subband [1, 2] was extended to include over 10 linked subbands in terms of three ground (v CO = 0) state stacks of levels (with K = 0 and 1), and 7 excited state (v CO = 1) stacks (with K = 0, 1 and 2). In the case of the more abundant form, CO-orthoN 2 , an excited bending state was observed for the first time for both v CO = 0 and 1.
The first observation of the bending vibration of the CO-N 2 complex in the millimeter wave range from 130 to 155 GHz was reported in Ref. 7 , providing precise information about the vibrational frequency and the rotational constants for this state. Six transitions, P (2), P (1), R(0), R(1), R(2), and R(3), associated with the ground and bending state K = 0 levels of the orthoN 2 spin modification, were measured and analysed.
In 2006, Surin et al. [8] carried out new measurements of the CO-N 2 rotational transitions, and in 2015 the studies were completed by reporting new milimeter-wave transitions [9] . The authors concluded that in the K = 0 state CO-paraN 2 has a geometry similar to that in the lower K = 1 state of CO-orthoN 2 , with N 2 as the leg and CO as the top of the T-shaped complex, while in the K = 2 state N 2 forms the top and CO -the leg. The authors pointed out the necessity of theoretical research as an essential tool in the interpretation of the already available highly accurate experimental data.
In a recent paper [10] , an analysis of a new broad-band (2135-2165 cm −1 ) spectrum of CO-N 2 obtained using a tunable continuous-wave quantum-cascade laser and a pulsed supersonic slit-jet source was presented. Almost 100 new rovibrational levels were assigned to nine new stacks, of which four are in the excited state of CO-orthoN 2 , three in the excited state of CO-paraN 2 , and two in the ground state (ν CO = 0) of CO-paraN 2 . The calculated rotational constants for the various rotational level stacks varied from 0.0638 to 0.0768 cm −1 which corresponds to a range of 4.34 to 3.96Å for the effective intermolecular center-of-mass distance. However, using these data the authors could not resolve the CO-N 2 structure unambiguously and concluded that dynamical calculations of rotational energy levels are necessary.
The most important theoretical studies on the complex are the most recent. Fišer and Polák [11] was already close to the estimated complete basis-set (CBS) limit of 118.5 cm −1 [12] .
The ab initio study of the (N 2 ) n CO m (n = 1-7; m = 1-3) complexes at the MP2 and CCSD(T) levels of theory with the 6-311+G* basis set showed that the CO-N 2 dimer exists in the form of a series of structurally different but energetically almost equivalent isomers [13] .
According to the calculations, the interconversion between the conformers proceeds with the barriers not exceeding 0.07 kcal mol −1 . Therefore, the internal movement of the molecules in the CO-N 2 system is practically free.
The first ab initio IPES obtained for CO-N 2 was published by Karimi-Jafari et al. [14] in 2011. The authors calculated a four-dimensional potential employing the MP4 method with a basis set obtained from the aug-cc-pVQZ basis set of Dunning and coworkers [15] by removing all the g and f functions; this basis was further supplemented by a set of 3s3p2d 1f midbond functions [16, 17] . In contrast to previous experimental results the authors found that the intermolecular potential is characterized by a single, distorted T-shaped minimum (and its symmetrically equivalent partners) with CO at the top and N 2 on the leg of the T, and an energy of −123.1 cm −1 . This structure is similar to that assigned to an excited state in Ref. 5 . The T-shaped ground state structure reported in Ref. 5 is identified on the MP4 IPES as a saddle point [14] . In order to estimate the correlation method error, the authors compared their MP4 interaction energies with the CCSD(T) energies calculated with Dunning's aug-cc-pVTZ basis set augmented with the 3s3p2d 1f set of midbond functions.
The differences were about 5 cm −1 in the proximity of the global minimum but rose to 15 cm −1 for the linear orientations of the complex.
The CO-N 2 complex still remains a very attractive object for both theoretical and experimental studies and only very recently two papers [18, 19] The second ab initio calculated four-dimensional IPES has been reported by Surin et al. [19] . The calculations were carried out using the CCSD(T) method and the aug-cc-pVQZ basis set supplemented with midbond functions. The found global minimum of the IPES corresponds to the structure of θ CO = 109.4 • , θ N 2 = 162.8 • , and ϕ = 0 • and R e = 7.86 a 0 , and has an energy of −117.35 cm −1 . Also a new millimeter-wave survey for the CO-N 2 complex in the frequency range of 110-145 GHz was performed and several transitions not previously observed were detected and assigned. The computed energy levels were compared with the available experimental data and the authors found good agreement with experiment for all detected stacks. However, they noted that a significant number of the detected lines could still not be assigned.
However, it seems that each of the three published potentials suffers from some limitations. The potential for CO-N 2 from Ref. 14 is the least reliable. First, the MP4 method is well-known for overestimating interaction energies. Second, the authors removed from the basis set a significant portion of the diffuse functions that are responsible for a correct description of the intermolecular interactions. Third, the number of grid points that the authors used in their calculations does not seem to be sufficient to properly reproduce the anisotropy of the interaction, especially in the regions of short intermolecular distances.
The explicitly correlated CCSD(T)-F12 method [20] [21] [22] [23] , used in the calculations of the second potential [18] , is becoming quite popular since contributions to calculated molecular correlation energies coming from single and double excitations are well converged with relatively small orbital bases. However, it seems that in the case of weak intermolecular interactions the errors introduced by the a/b/* approximations in CCSD-F12 and by a nonexplicitly correlated treatment of perturbative triples (with or without scaling) can become crucial at this level of accuracy [24] . It was also shown that, on one hand, CCSD(T)-F12 methods tend to perform more poorly for larger basis sets, but on the other, addition of midbond sets significantly improves the F12 calculated interaction energies. The authors in Ref. 18 did not test convergence of their method neither using larger bases or employing midbond functions.
The third potential [19] was obtained using the conventional CCSD(T) method and the aug-cc-pVQZ basis set further extended with a set of 3s2p1d midbond functions; however, remarkable discrepancies between the calculated and experimental rotational states were 7 still observed.
In this work we present a new four-dimensional interaction potential that seems to overcome all the above-mentioned deficiencies. The interaction energies were calculated at the CCSD(T) level, with the aug-cc-pVQZ basis set further extended with a set of 3s3p2d 1f 1g midbond functions. For several representative geometries of the system we confirmed that the employed number of grid points is sufficient to correctly reproduce the anisotropy of the potential. Next, the calculated ab initio interaction energies were fitted to an analytic expression. Then, the IPES was employed in calculations of the intermolecular states. The agreement between the calculated and experimental states is remarkably better than that reported for both of the most recent potentials [18, 19] .
The manuscript is organized as follows: In Sec. II the details of the quantum-chemical calculations are given, then, in Sec. II B the results of the basis set studies are presented. In Sec. III we describe the analytical fit of the obtained IPES and some of its features, and in Sec. IV the details of the intermolecular-states studies are reported. Finally, in Sec. V we summarize and conclude.
II. QUANTUM-CHEMICAL CALCULATIONS OF THE IPES

A. Computational details
The coordinates describing the geometries used in the calculations are as follows. r 0 is the intermolecular distance between the centers of mass of the monomers, θ 1 and θ 2 are the angles between each of the molecular axis (1 for CO and 2 for N 2 ) and the intermolecular axis, and φ 2 is the difference between the azimuthal angles. For θ 2 set to 180.0 • (or 0.0 • ) the values of θ 1 = 0.0 and 180.0 • correspond to the linear CO· · · N 2 and OC· · · N 2 geometries, respectively.
In all calculations we fix the CO and N 2 interatomic distances to the experimental 1.128323Å and 1.09768Å values [25] , respectively. The intermolecular coordinates are depicted in Fig. 1 .
Due to the good performance of the methodology employed in our previous studies on accurate calculation of IPESs of other vdW systems (Refs. 26, 27 and references cited therein), the interaction energies are corrected for the basis set superposition error (BSSE) using the counterpoise method [28] and are evaluated at the CCSD(T) level with the MOLPRO program [29] . In basis set completeness studies, we employed Dunning's doubly augmented correlation consistent basis sets, i.e. x-aug-cc-pVXZ (x= -, d; X= D, T, Q, 5; in the following denoted as xaXZ), as well as the core-valence aug-cc-pCVXZ (X= T, Q; denoted here as aCXZ) basis sets. These bases were extended with a set of 3s3p2d 1f 1g midbond functions (denoted as 33211) with exponents of 0.90, 0.30, and 0.10 for the s and the p functions, 0.60 and 0.20 for the d functions, and 0.30 for the f and g functions, that are placed in the middle of the van der Waals bond [30] [31] [32] . Relativistic effects were assessed using the second order Douglas-Kroll-Hess Hamiltonian as implemented within the MOLPRO program [29] B. Basis set study
The results of the basis set study are presented in Tab. I. We chose 13 geometries with The overall shape of the potential slices is in qualitative agreement with that drawn in As expected, the interaction energy increases (in absolute value) going from the aDZ to a5Z basis set. The convergence is faster with addition of midbond functions to the bases. However, the aQZ+33211 slice is slightly shallower than the aTZ+33211 one (by ca. 0.8 cm −1 for the lowest energy). This probably results from the fact that the slice does not pass directly through the global minimum and the topography of the IPES changes somewhat with basis set size. We further tested the influence of the frozen core approximation on the calculated interaction energies employing the core-valence aCXZ basis sets as well as the fully uncontracted ones. This effect is noticeable, but if we compare the results obtained within the frozen-core approximation with aQZ+33211 and those where all electrons were correlated with the aCQZ+33211 basis set for the geometry corresponding to the lowest interaction energy, the difference does not exceed 0.1 cm −1 (see Tab. I).
Further tests showed (cf. Tab. I) that relativistic effects are negligible (significantly smaller than 0.01 cm −1 in the region of the global minimum) in the case of the CO-N 2 complex.
Since an appropriate choice of basis set balances the corresponding accuracy and the total cost, given the required number of geometries, we decided to carry out the calculations for the whole surface at the frozen core CCSD(T) level with the aQZ basis set augmented with 9 the 33211 set of midbond functions.
C. Choice of the number of grid points
To choose correctly the number of grid points we perform some test calculations for different orientations of CO-N 2 . Representative results for a region characterized by a pro- are also presented in Fig 2. It is clear that the interpolated curves yield the correct overall shape of the exact curve and the accuracy increases with an increase of n. The exceptions are the regions where θ 2 approaches 0 or 180 degrees, namely, in the proximities of the two T-shape geometries. The performance of the interpolations is worse for all the cases with an even n, mainly because they do not behave correctly at θ 2 = 0 and 180 (cf . Fig 2a and b) .
For the 10-point Gauss-Lobatto grid the differences between the interpolated and exact ab initio values exceed 2 cm −1 . The interpolations based on an odd number of points converge towards the correct shape of the curve; however, for this highly anisotropic orientation of the system such a convergence is slow. For other orientations of CO-N 2 of lower anisotropy (not shown here) their performance is much more satisfactory.
Taking into account the above considerations, in the calculations of the IPES we decided to employ the 13-points Gauss-Lobatto grid for θ 1 and θ 2 . This choice seems to be the optimal compromise between the desired accuracy and reliability and available computational resources. In most calculations we consider 12 intermolecular distances in a 0 : 5.0, 6.0, 7. varied between 0 and 180 degrees (13 grid points for each angle), while φ 2 between 0 and 90 degrees (only 5 points are needed to be calculated for this angle). In total, the calculations are performed for slightly more than 10 100 different geometries of the dimer.
III. FITTING OF THE IPES
Having determined the interaction energies for specific geometries via ab initio methods, we now turn to constructing an analytical model of the IPES. The analytical expression will be useful in other applications where a compact form of a potential is indispensable.
Here, we model the IPES as a many body expansion, that is, as a function of the distances between the atoms in the complex.
The complex consists of two molecules CO and N 2 , the latter of which we consider made up of two atoms N and N . Given a configuration of the complex, we can compute the following four distances
Define the dimensionless quantities, D i , by
where the constant d ref = 8 a 0 is chosen to be the approximate distance between the two molecules, and the dimensionless constant a, the dilatation, is an adjustable parameter to be determined.
With four exponents (e 1 , e 2 , e 3 , e 4 ), we define the symmetrized term 
Notice that if we exchange the positions of N and N (which does not change the shape of the complex), we interchange the value of d 1 and d 2 as well as that of d 3 and d 4 . However, the value of the symmetrized term does not change.
Our model of the interaction surface V is a linear combination of symmetrized terms [26, 33, 34] , so that
where E is the set of selected exponents, and we have written e = (e 1 , e 2 , e 3 , e 4 ). So if we, for example, suppose that E = {(1, 0, 0, 0), (2, 1, 0, 1)}, we obtain
where we write e.g. c 1000 as a short hand for c (1,0,0,0) . Now
and
Thus
We pick 79 different symmetrized terms which gives us 80 adjustable parameters: the dilatation parameter a on which the fitting function depends in a non-linear way, and the 79 coefficients, c e , defining the linear combination (i.e for fixed a, V depends linearly on the last 79 parameters). Because we do not include the term with exponents (0, 0, 0, 0), the IPES will necessarily tend to zero when the distances tend towards infinity. We determined which symmetrized terms to use by heuristically searching for the set of 79 terms giving the best fit among all terms of degree less than or equal to 6.
After determining the fit, we modified V for small distances. This is to avoid physically unreasonable behavior when two atoms are close to each other, such as wildly oscillating interaction energies, or deeply negative energies. More precisely, we set
where k is some constant chosen by hand, and E big is some large energy. This means that V mod is equal to E big , when one of the distances d i is zero, and very close to V , when none of the distances d 1 , d 2 , d 3 and d 4 are very small. In practice, we used
and E big = 10 9 µE h .
(14)
We considered only geometries where the interaction energy did not exceed 100 µE h leaving us with 6710 points, and fitted the adjustable parameters to the ab initio data. This gave us a good fit with an RMS deviation of 0.85 µE h (0.2 cm −1 ), indicating that the model is accurate in the region relevant to describing the bound states. Of course, ignoring the regions where the interaction energy is high, means that there is no reason to expect that the model performs well there. And indeed, computing the deviation from all the ab initio interaction energies gives us an RMSE of 31 000 µE h .
The fitted value of the dimensionless dilation is a = 4.3799, and the rest of the parameters are given in Tab. II. From the first table entry, we see that c (0,0,1,0) = −32.12 µE h , so the first term in the sum giving V is
Using the analytical expression for the IPES, we find the global minimum to be −538.47 µE h (−118.2 cm −1 ), located at r 0 = 7.856 a 0 , θ 1 = 111.34 • , θ 2 = 159.70 • , and φ 2 = 0 • . A view of the IPES for r 0 = 7.856 a 0 and φ 2 = 0 • is depicted in Fig. 3 . The minimal potential-energy configurations (all equal by symmetry) are marked with blue dots.
A nearly barrierless disrotatory path permitting a floppy large-amplitude motion of the complex is observed. This result is similar to that found for the CO dimer [35] .
The global minimum found in this work is by ca. 0.8 cm −1 deeper than those reported previously [18, 19] . The corresponding intermolecular distance is similar for all the three potentials (ca. 7.85-7.86 a 0 ), while our θ 1 is slightly larger and θ 2 slightly smaller than those from previous studies [18, 19] . To further check the performance of the analytical fit, we evaluated some additional CCSD(T)/aug-cc-pVQZ-33211 interaction energies in the vicinity of the expected global minimum on a grid of points. The lowest interaction energy of −118.04 cm −1 was found at r 0 = 7.8 a 0 , θ 1 = 109.0 • , θ 2 = 162.0 • , and φ 2 = 0 • . This result is in concordance with that obtained from the fit.
IV. INTERMOLECULAR STATES
A. Variational calculations
The rovibrational levels of CO-N 2 were calculated using a variational method called DSL [36, 37] which uses a product basis with discrete variable representation (DVR) functions (D) [38] for the stretches and spherical harmonic type functions (S) for the bends and a symmetry adapted Lanczos eigensolver (L). The bend basis is appropriate for dealing with large amplitude bending motions. The calculation is carried out with the RV4 code [39] that implements the DSL method. It uses the polyspherical coordinates (r 1 , r 2 , r 0 , θ 1 , θ 2 , φ 2 ) associated with vector r 1 (for CO), vector r 2 (for N 2 ), and the Jacobi vector r 0 , shown in Fig. 1 . Because the intramonomer vibrational frequencies are much higher than their intermonomer counterparts, it is justified to fix r 1 and r 2 to their respective ground state values. In the DSL method, potential energy integrals are computed with Gauss quadrature. Eigenvalues and eigenvectors are determined with the symmetry-adapted Lanczos (SAL) algorithm [40, 41] .
Since a thorough description of the DSL method applied to a similar system (N 2 O) 2 is reported in Refs. 42, 43, only the computational details specific to the present study are given here. Each basis function is a product
where f α 0 (R) is a DVR function for the stretch coordinate and u JM P l 1 l 2 m 2 K is the parity adapted bend-rotation function. The latter was expressed as a linear combination of two products of an associated Legendre function for θ 1 , a spherical harmonic function for (θ 2 , φ 2 ), and a Wigner function for the Euler angles (α, β, γ), with P = 0 and P = 1 corresponding to even and odd parity, respectively.
In our calculation, we use the full permutation-inversion group of CO-N 2 , G 4 . It has four irreducible representations: A+, B+, A−, and B−. A/B label levels that are symmetric/antisymmetric under permutation of the two N atoms. +/− label even/odd levels. In our calculation, the levels of the two nuclear spin species are obtained in different symmetry blocks. CO-orthoN 2 levels appear in the A symmetry block and CO-paraN 2 levels appear in the B symmetry block. The lowest level of CO-orthoN 2 is lower than the lowest level of CO-paraN 2 because the two levels are associated with j N 2 = 0 and 1, respectively.
Because of the large-amplitude motion and the resulting low-lying vibrational states, rather than using a traditional asymmetric rotor Hamiltonian to fit the levels, spectroscopists group the rovibrational levels into stacks and fit the levels in each stack. A stack is labelled by (j CO , j N 2 ; K, σ), where σ = e/f corresponds to (−1) J+P = ±1. Each stack of levels is fitted with a simple rotational energy level expression based on a linear rotor Hamiltonian with a doubling term that splits the e/f components of K > 0 stacks. See Eq. (1) of Ref. 2 for CO-N 2 , which has been adopted in all subsequent CO-N 2 papers cited in this work. In our calculations, K can be unambiguously assigned by analysing the wavefunctions [35] . j CO , j N 2 are simply obtained by matching computed and experimental levels.
The parameters for computing the intermolecular rovibrational levels using the RV4 code are all given in Tab. III. The choice of the basis functions for r 0 merits further discussion.
Usually a potential-optimized discrete variable representation (PODVR) basis [44, 45] is a good choice. The PODVR basis is efficient if a good reference potential, usually either a cut potential or a minimized potential, can be found. It has the advantage of being black-box because there are no parameters to adjust. For CO-N 2 , bases obtained from the cut and minimized potentials are both poor, due to coupling. Owing to the fact that neither the cut nor the minimized PODVR basis is good, we use a tri-diagonal Morse (TDM) DVR basis [44] .
However, it takes more effort to optimize the four parameters of the TDM DVR basis: D e , ω e , r e and α. The first three parameters are optimized by comparing a few of the lowest J = 0 levels computed with a TDM basis and a set of benchmark levels computed using 120 sine DVR basis. Our final TDM DVR basis parameters are D e = 108 cm −1 , ω e = 18 cm −1 , and r e = 8.45 a 0 . The fourth TDM DVR basis parameter α depends on the other parameters (α appears in the associated Laguerre polynomial L α n ). As discussed in Ref. 46 , we follow Wei and Carrington's choice [44] , α = A − 2[A/2] = 0 with A = 4D e /ω e = 24 so that all the bound states of the Morse Hamiltonian are exactly reproduced by the TDM basis (the Morse Hamiltonian that corresponds to these parameters has [A/2]=12 bound states, fewer than the number of basis functions, N r 0 = 30).
B. Existing experimental data
We compare the experimental rovibrational levels on the v CO = 0 ground state of the two spin species with our calculated levels. The experimental levels are collected from the millimeter-wave (MMW) study by Surin et al. [8] and the IR study by Rezaei et al. [10] .
There are 3 stacks of levels for CO-orthoN 2 . They are, in the order of increasing energy, (0, 0, 0e), (1, 0, 1e/f ), and (1, 0, 0e) and are labelled as stacks a, b, c. There are 5 stacks of levels for CO-paraN 2 . They are, in the order of increasing energy, (0, 1, 0e), (0, 1, 1e/f ), (1, 1 , 1e/f ), (1, 1, 0e) , and (1, 1, 2e/f ) and are labelled as stacks a, b, c, d, e (see Tab. IV).
Note that a correction term 0.0048 cm −1 needs to be added to the (0, 1, 1f ) levels of CO-paraN 2 obtained from the MMW study (Tab. 8 of Ref. 8) , which was first pointed out by Rezaei et al. in their IR study [10] . This is because the (0, 1, 1f ) stack was not linked to other stacks in the MMW experiment and the band center of this stack was "floated" or corrected by Rezaei et al.. In the IR experiment of Rezaei et al. [10] , the (0, 1, 1f ) stack is linked with the (0, 1, 0e) stack via transitions to the common upper state (1, 1, 0e) of the v CO = 1 excited state. We note that this correction is confirmed by a new MMW experiment [9] where the (0, 1, 1f ) stack is again linked with the (0, 1, 0e) via transitions to the common upper state (0, 1, 0e).
C. Theoretical results
Even and odd levels for both CO-orthoN 2 and CO-paraN 2 were computed for each J up to J = 20 and the complete set can be obtained from the authors on request. Levels up to J = 10 with experimental assignments are given in Tab. V for CO-orthoN 2 . Levels up to J = 8 with experimental assignments are given in Tab. VI for CO-paraN 2 . A graphical comparison of the experimental and calculated intermolecular levels for CO-orthoN 2 and CO-paraN 2 is presented in Figs. 4a and b , respectively. The agreement between theory and experiment is remarkably good, making assignments straightforward and unambiguous.
They were also facilitated by knowing the symmetry of each of the computed levels, owing to the use of the symmetry adapted Lanczos procedure and by assigning K to each level using the wavefunctions.
Interestingly the agreement is significantly better for the CO-orthoN 2 levels, with an RMSE over 41 levels of just 0.017 cm −1 . Those errors are both positive and negative with an average close to zero. For the CO-paraN 2 levels, the errors are larger (the RMSE for 40 levels is 0.045 cm −1 ) and more systematic, as the computed levels are below the experimental ones in all cases. The level of agreement obtained in these results is among the best reported in the literature for vdWs systems. It could be of interest to explore this further in terms of the hierarchy of electronic structure methods employed (also going beyond the CCSD(T) approximation). It remains to be determined whether various terms in high-level composite energies [47] for this system would be found to be negligible or if the currently adopted procedure benefits from particularly favourable cancellation of errors.
Variational calculations on ab initio IPESs seldom achieve accuracy as good as 1 cm −1 and accuracy better than 0.1 cm −1 is very rare. The lowest bending vibrational energy level has been observed for both spin species: 4.666 cm −1 for CO-orthoN 2 and 4.496 cm −1 for CO-paraN 2 . These two vibrational levels are linked by a red arrow in Fig. 4 . For these two vibrational levels, the calculated minus observed differences are only 0.02 cm −1 and 0.07 cm −1 , respectively. It is rare to find this sort of accuracy for a vdW system. Much of the overall RMSE for the two spin species can be traced to the vibrational errors. Errors in differences between J levels for a particular stack are typically on the order of 0.001 cm −1 and never larger than 0.01 cm −1 (see e.g. Fig. 4 ). Errors in differences of rotational levels are smaller than for the correspnding vibrational levels for many molecules, because the structure of the molecule predicted by ab initio theory is usually more accurate than the shape of the IPES on which the vibrational levels depend.
The lowest two stacks, stack a (K = 0) and b (K = 1) of CO-paraN 2 are closely spaced and strong Coriolis interaction between them was observed experimentally [5] . After analysing the wavefunctions, we have also found that some levels in these two stacks have two dominant K components. These levels are labelled as 01 or 10 in the K column of Tab. VI. 01 (10) means the K = 0 (K = 1) contribution is slightly larger than the K = 1 (K = 0) contribution (see Tab. VI). The same coupling was also discussed in the theoretical study of Surin et al. [19] .
When compared to the results from the two most recent investigations [18, 19] , our potential gives significantly better agreement with experimental data. In Ref. 18 Here we further improve the results for the CO-N 2 complex, by evaluating a more accurate IPES, with the potential minimum close to the exact CCSD(T) result and with a better performance regarding the evaluation of the intermolecular states, lowering the RMSE from 0.1 to 0.038 cm −1 . This is clearly seen in Fig. 4 where the theoretical levels of Ref. 19 are compared with our theoretical levels and the experimental levels.
V. SUMMARY AND CONCLUSIONS
An accurate IPES for the CO-N 2 dimer was constructed using the high-level ab initio CCSD(T)/aug-cc-pVQZ+33211 method. More than 10 000 calculated points were fitted to an analytical function. A symmetrized fitting approach yields an RMSE of 0. 
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